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A B S T R A C T

Obesity is a contributing factor to asthma severity; while it has long been understood that obesity is related to
greater asthma burden, the mechanisms though which this occurs have not been fully elucidated. One common
explanation is that obesity mechanically reduces lung volume through accumulation of adipose tissue external
to the thoracic cavity. However, it has been recently demonstrated that there is substantial adipose tissue
within the airway wall itself, and that the presence of adipose tissue within the airway wall is related to body
mass index. This suggests the possibility of an additional mechanism by which obesity may worsen asthma,
namely by altering the behaviour of the airways themselves. To this end, we modify Anafi & Wilson’s classic
model of the bistable terminal airway to incorporate adipose tissue within the airway wall in order to answer
the question of how much adipose tissue would be required in order to drive substantive functional changes.
This analysis suggests that adipose tissue within the airway wall on the order of 1%–2% of total airway cross-
sectional area could be sufficient to drive meaningful changes, and further that these changes may interact
with volume effects to magnify the overall burden.
1. Introduction

Asthma is characterised by multiple processes which together serve
to limit flow through the conducting airways; these include inflam-
mation and airway wall remodelling, as well as reversible airway
narrowing driven by constriction of the band of airway smooth muscle
surrounding the airways (Wang et al., 2020). Obesity is a significant
co-morbidity which often occurs alongside, and is related to greater
asthma burden (Beuther and Sutherland, 2007; Farah and Salome,
2012). However, the mechanism through which this occurs is unclear.
Perhaps the most commonly cited explanation is that obesity reduces
lung volume and thus external load on the airways (Skloot et al., 2011;
Bates, 2016).

A more recent finding is the presence of substantial adipose tissue
within the airway wall itself in large airways in humans, and that the
amount of adipose tissue is related to body mass index (BMI) (Elliot
et al., 2019). Airway-associated adipose tissue is also present through-
out the airway tree (both large and small airways) in animal models,
and it is biologically active (Wang et al., 2023a,b). These findings
suggest the possibility of an additional mechanism by which obesity
may worsen asthma, namely that the presence of adipose tissue within
the airway wall alters the behaviour of the airway itself.

∗ Corresponding author.
E-mail address: g.donovan@auckland.ac.nz (G.M. Donovan).

The dynamics of airway narrowing are important in understand-
ing lung function in asthma. In particular, the smallest conducting
(terminal) airways are thought to exhibit a bistability in which, for
a fixed input pressure, an airway may be either effectively open,
or effectively closed (Anafi and Wilson, 2001; Donovan, 2023). This
instability is thought to arise from interdependence between the airway
and the parenchyma in which it is embedded, because of the tethering
attachments between parenchyma and airway, and the dependence
of the inflation of the parenchyma on the flow through the airway.
The patterns in which this airway closure is organised lead to so-
called ventilation defects (Anafi and Wilson, 2001; Venegas et al., 2005;
Donovan, 2016, 2017) which are a cardinal feature of asthma. Although
one should take care with over-emphasising the distinction between
small and large airways (Donovan and Noble, 2021), it is also true that
the small airways play a key role in asthma (Tgavalekos et al., 2005).
The bistability mechanism described above was originally formulated
in terms of the smallest conducting airways (the terminal airways)
in Anafi and Wilson (2001), and this is also the focus of the present
paper, though a similar concept has also been applied in more proximal
airways as well Venegas et al. (2005).
vailable online 20 April 2024
022-5193/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.jtbi.2024.111835
Received 17 October 2023; Received in revised form 27 March 2024; Accepted 17
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

April 2024

https://www.elsevier.com/locate/yjtbi
https://www.elsevier.com/locate/yjtbi
mailto:g.donovan@auckland.ac.nz
https://doi.org/10.1016/j.jtbi.2024.111835
https://doi.org/10.1016/j.jtbi.2024.111835
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2024.111835&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Theoretical Biology 588 (2024) 111835G.M. Donovan et al.

i
a
a
o
a

𝜌

m

w

𝑅

t

m

𝑃

U
m
a

𝑃

w

‖

m
m
r
(
p
r

t

t

𝑃

T

𝑃

s

a

One key question, then is how the addition of adipose tissue to the
airway wall itself might alter the function of the airways. This could
manifest in two distinct ways: (i) by thickening the airway wall and
displacing tissue inward, directly impinging upon the airway lumen
and restricting airflow, or (ii) by thickening outward and reducing
the restoring forces of the parenchymal tethering, leading indirectly to
greater narrowing under constriction. In this manuscript we will modify
the model of Anafi and Wilson (2001) to accommodate both types of
alteration due to adipose tissue in order to understand how different
levels of adipose tissue within the airway wall might affect airway and
lung function in asthma.

The focus of this study is the smaller, distal airways, in which the
bistability mechanism was originally proposed. While adipose tissue
has been found in the airway wall in larger human airways (Elliot
et al., 2019), it has so far not been detected in small airways in
humans. More recent animal studies, however, have shown adipose
tissue throughout the airway tree (Wang et al., 2023a,b). Thus, at
the present time, the precise amount of adipose tissue in the human
small airways, and/or other obesity-associated airway remodelling in
these airways, is unknown. Our goal here is to establish, through
use of a mathematical model, the boundaries at which such adipose
tissue, or other remodelling, would begin to have significant functional
consequences — for example in terms of airway tree resistance or
airway closure.

2. Model

In this section we review the model of Anafi and Wilson (2001)
and describe the modifications for incorporation of adipose tissue in
the airway wall. The basic geometry is given in Fig. 1, showing the
maximum airway size 𝑟0 and the three radii normalised to this: 𝜌𝑖 as the
nner (luminal) radius, 𝜌𝑚 as the radius of the airway smooth muscle,
nd 𝜌𝑎𝑑𝑖 as the outer boundary at which the parenchymal tethering
ttachments generate the restoring force. The cross-sectional fraction
f the submucosa is given by 𝑓 (relative to the unconstricted airway
rea) and so
2
𝑖 = 𝜌2𝑚 − 𝑓 (1)

and similarly the additional cross-sectional fraction due to adipose
tissue, in an outward direction (𝑓𝑎𝑑𝑖), leads to

𝜌2𝑎𝑑𝑖 = 𝜌2𝑚 + 𝑓𝑎𝑑𝑖. (2)

Note that if one sets 𝑓𝑎𝑑𝑖 = 0 then the original (Anafi and Wilson, 2001)
odel is recovered.

Flow through the airway is described by a Poiseuille-type flow
here the resistance is given by

𝑎𝑤 =
12𝑙𝜇
𝜋𝑟4𝑜𝜌

4
𝑖

(3)

where 𝑙 is the airway length, 𝜇 is the gas viscosity, and 𝑟𝑜𝜌𝑖 is (as before)
he luminal radius.

The airway entrance pressure is assumed to be sinusoidal about a
ean pressure 𝑃 with amplitude ‖𝑃𝑎𝑤‖ and frequency 𝜔 as

𝑎𝑤(𝑡) = 𝑃 + ‖𝑃𝑎𝑤‖ sin(𝜔𝑡). (4)

nder the assumption that the airway resistance (𝑅𝑎𝑤) and parenchy-
al elastance (𝐸) are nearly constant during a breathing cycle, the

lveolar pressure will also be sinusoidal as

𝐴(𝑡) = 𝑃 + ‖𝑃𝐴‖ sin(𝜔𝑡 − 𝛼) (5)

ith amplitude

𝑃𝐴‖ = ‖𝑃𝑎𝑤‖
𝐸

√

𝐸2 + (𝜔𝑅𝑎𝑤)2
(6)

and phase lag

𝛼 = tan−1
(

𝜔𝑅𝑎𝑤
)

. (7)
2

𝐸 𝑃
Fig. 1. Model schematic. Panel A: terminal airway and alveolus, showing airway
entrance pressure (𝑃𝑎𝑤), alveolar pressure (𝑃𝐴), airway resistance (𝑅𝑎𝑤) and parenchy-

al elastance (𝐸). Panel B: cross-section of the airway, illustrating the dimensional
aximum airway size at total lung capacity (TLC) (𝑟0) and the nondimensional radii

eferenced to this for the luminal radius 𝜌𝑖, smooth muscle radius 𝜌𝑚, and external
adipose tissue) radius 𝜌𝑎𝑑𝑖. The pressure inside the lumen is 𝑃𝑙𝑢𝑚𝑒𝑛 and 𝜏 gives the
arenchymal tethering stress. Relative to the reference model, inward adipose tissue is
epresented as the orange band, and outward in yellow.

The pressure balance across the airway wall requires that
𝑇

𝑟0𝜌𝑚
= 𝑃𝑡𝑚 (8)

where 𝑇 is the tension due to the airway smooth muscle1 and 𝑃𝑡𝑚 is the
ransmural pressure. (The (1∕𝑟)-type dependence on the left-hand side

arises from Laplace’s law.) The transmural pressure must also balance
the difference between the luminal pressure 𝑃𝑙𝑢𝑚𝑒𝑛 and the alveolar
pressure 𝑃𝐴, and furthermore the parenchymal tethering stress2 𝜏 so
hat

𝑡𝑚 = 𝑃𝑙𝑢𝑚𝑒𝑛 − 𝑃𝐴 + 𝜏. (9)

he luminal pressure is taken at the airway midpoint and so

𝑙𝑢𝑚𝑒𝑛 = (𝑃𝑎𝑤 + 𝑃𝐴)∕2. (10)

The treatment of the parenchymal tethering stress follows Lai-Fook
(1979), in which 𝜏 depends both on distortion of the parenchyma (due
to airway narrowing) and 𝑃𝐴. The (dimensionless) deviation from the
undeformed ‘‘hole’’ in the parenchyma (at total lung capacity (TLC)) in
which the airway sits is thus described as

𝑥 = 1 −
𝜌𝑎𝑑𝑖
3
√

𝑣
(11)

assuming isotropic expansion and contraction in proportion to the cube
root of volume. The acinar volume is the sum of the residual volume
𝑉𝑅𝑉 and the elastic expansion 𝑃𝐴∕𝐸 so that we have

𝑣 =
𝑉𝑅𝑉 + (𝑃𝐴∕𝐸)

𝑉𝑇𝐿𝐶
(12)

when normalised to total lung capacity (𝑉𝑇𝐿𝐶 ). As per Lai-Fook (1979),
parenchymal tethering is then described as

𝜏 = 𝑃𝐴(1 + 1.4𝑥 + 2.1𝑥2). (13)

Observe that we have modified the original model formulation such
that the parenchymal attachments are at 𝑟0𝜌𝑎𝑑𝑖, rather than at 𝑟0𝜌𝑚
as in the original. Because 𝜌𝑎𝑑𝑖 ≥ 𝜌𝑚 this serves to decrease the
effect of the parenchymal attachments (e.g. Macklem, 1996) which will

1 In the tangential direction, assuming circumferential arrangement of the
mooth muscle.

2 Here we follow the notational conventions of Anafi and Wilson (2001)
nd Lai-Fook (1979), but note that the units of 𝜏 are the same as the units of

(see Eq. (13)).
𝐴
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Fig. 2. Model solutions. Panels (a)–(c) illustrate how airway quantities (panel a, 𝜌𝑚; (b), 𝜌𝑖 and (c), tidal volume) change as 𝑃 𝑚𝑎𝑥
𝑎𝑤 varies, and how this is altered by various degrees

of adipose tissue (see legends). The region of bistability is apparent, with an effectively open state in which the tidal volume is ≈ 40% of 𝑉𝑇𝐿𝐶 (region I in panel (b)), a closed
state in which the volume is effectively zero (III), and an intermediate state (II, in which the flow equations are unstable). The regions are the same in panels (a)–(c) but only
explicitly labelled in (b). Panel (d) shows in more detail how the width of this region of bistability varies (i.e. over which region II exists) for different levels of combined inward
and outward adipose tissue.
ultimately allow for greater narrowing under bronchoconstriction due
to a reduction in opposing forces. If 𝑓𝑎𝑑𝑖 = 0 then 𝜌𝑎𝑑𝑖 = 𝜌𝑚 and the
original model is fully recovered.

Finally a very simple description of the maximum airway smooth
muscle tension 𝑇𝑚𝑎𝑥 completes the model, with the affine approxima-
tion
𝑇𝑚𝑎𝑥
𝑇𝑜

= 1.25𝜌𝑚 − 0.25 (14)

where 𝑇𝑜 is the isometric tension at optimal length. The origin of this
approximate constitutive law is described in Anafi and Wilson (2001);
it is a very simple description of ASM, which exhibits many complex
behaviours (cf. Mijailovich et al., 2000; Bates et al., 2009), but serves
to approximate the maximum value reasonably well.

Thus, under the assumption that both maxima (that is, 𝑇𝑚𝑎𝑥 and
𝑃𝑚𝑎𝑥
𝑡𝑚 ) occur at the same part of the breathing cycle, we have

𝑇𝑜(1.25𝜌𝑚 − 0.25)
𝑟𝑜𝜌𝑚

= 𝑃𝑚𝑎𝑥
𝑡𝑚 (15)

where

𝑃𝑚𝑎𝑥
𝑡𝑚 = max

𝑡
𝑃𝑡𝑚(𝑡). (16)

All parameter values are taken from Anafi and Wilson (2001). In
particular, this implies that the lung is under positive end-expiratory
3

pressure (PEEP), i.e. that ‖𝑃𝑎𝑤‖ = (𝑃𝑚𝑎𝑥
𝑎𝑤 −PEEP)∕2. The other parameter

values are 𝑇0∕𝑟0 = 40 cm H2O, 𝜔 = 0.33 Hz, 𝐸 = 25 kPa∕ml, 𝑙 = 0.3 cm,
𝑓 = 16%, 𝑟0 = 0.027 cm, and 𝑉𝑅𝑉 = 20%𝑉𝑇𝐿𝐶 . Outward displacement
of the airway wall due to adipose tissue is then incorporated by the
parameter 𝑓𝑎𝑑𝑖; inward displacement is simply reflected by an increase
𝑓 from the reference value.

3. Results

Model solutions3 as 𝑃𝑚𝑎𝑥
𝑎𝑤 is varied are shown in Fig. 2. Panels (a)–

(c) show properties of the airway as 𝑃𝑚𝑎𝑥
𝑎𝑤 is varied, in particular the

muscle radius 𝜌𝑚 in (a), the luminal radius 𝜌𝑖 in (b), and the resulting
tidal volume over a breathing cycle in (c). In all three panels the region
of bistability is apparent, in which for a fixed value of 𝑃𝑚𝑎𝑥

𝑎𝑤 there exists
an effectively open state in which the tidal volume is ≈ 40% of 𝑉𝑇𝐿𝐶 ,
a closed state in which the tidal volume is effectively zero, and an
intermediate state (in which the flow equations are unstable). These
regions are labelled illustratively in panel (b) as I, II and III respectively.

Changes in the width of this region of bistability are shown in
panel (d), as the inward and outward adipose tissue fractions are
varied. In the bottom left corner the reference model (0% adipose

3 We will discuss in the next section how these solutions are found.
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Fig. 3. Predictions of total airway resistance as tidal volume and PEEP are varied. Panel (a): PEEP of 5 cm H2O as tidal volume is varied; (b): tidal volume of 0.2 TLC as PEEP
is varied. The annotations in (b) illustrate the potential for adipose tissue in the airway wall and decreased expiratory reserve volume (decreased PEEP) to combine for a greater
effect than either in isolation (see text).
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tissue both in and out) has a bistable width (i.e. over which region
II exists) of ≈ 1.6 cm H2O. For 1% in + 1% out, (purple in panels
a)–(c)), there is a 25% increase in width of the bistable region, and
or 2% in each direction, a 48% increase. The width of the region of
istability increases with both inward and outward adipose tissue, with
somewhat stronger effect in the inward direction.

A natural question is how such a change in the bistable properties of
he terminal airways would manifest at lung scale. One approach is to
ollow Anafi and Wilson (2001) and simply partition the lung between
erminal airways in the two possible stable solutions according to the
arget tidal volume for the lung as a whole; then the corresponding
irway luminal radii can be used to calculate an estimate of the
esistance of the lung. That is, for fixed 𝑃𝑚𝑎𝑥

𝑎𝑤 and a target lung tidal
olume �̂�, use Fig. 2(c) to find the two stable terminal tidal volumes
say 𝑣1 and 𝑣2), and then partition the terminal units of the lung as
ecessary to meet the overall volume: 𝛼 = (�̂�− 𝑣2)∕(𝑣1 − 𝑣2), where 𝛼 is

the fraction of the terminal units in 𝑣1 (and thus (1 − 𝛼) is the fraction
n 𝑣2).

The resulting resistance calculations, as tidal volume and PEEP
re varied, are shown in Fig. 3, for the reference configuration as
ell as several adipose tissue configurations. This clearly illustrates

he increase in resistance due to adipose tissue, but also the potential
or additional contributions from volume reduction to magnify the
ncreased resistance. There is a strong association between BMI and
educed expiratory reserve volume (Jones and Nzekwu, 2006), which
n this model is most closely associated with a decrease in PEEP (shift-
ng the tidal range lower). The annotations in the right panel (black
rrows) illustrate the potential for adipose tissue in the airway wall
nd decreased expiratory reserve volume (decreased PEEP) to combine
or a greater effect than either in isolation. That is, both adipose tissue
moving upwards) and volume changes (moving left, and then further
pwards) combine synergistically into a greater effect.

One additional way to interpret this information is as the of level
f external PEEP required to overcome various adipose tissue scenarios.
or the tidal volume of 0.2 TLC as shown in Fig. 3(b), the required PEEP
o overcome adipose tissue is approximately 2 cm H2O for 1% inward
emodelling, 3 cm H2O for 1% outward remodelling, and 4.5 cm H2O
or 1% inward and 1% outward together. The offsets are similar for
ther tidal volumes (data not shown).

. Solution procedures

In this section we discuss several possible solutions procedures for
he model described above, along with their relative advantages and
4

rawbacks. We begin with the original solution procedure as described
y Anafi and Wilson (2001), which is relatively computationally in-
ensive (given the simplicity of the model), before describing several
lternatives.

In the original (Anafi and Wilson, 2001), solutions are described in
erms of the intersections of the curves defined by the left- and right-
and sides of Eq. (15), where the right-hand side is defined by Eq. (9)
nd further back substitution of Eqs. (6), (10) and (13) and so on. This
s further illustrated in Fig. 4 where we begin by plotting both sides
f Eq. (15) as function of 𝜌𝑚, for different values 𝑃𝑚𝑎𝑥

𝑎𝑤 and 𝑓𝑎𝑑𝑖 as
abelled. The single black curve is the left-hand side, which does not
epend on 𝑃𝑚𝑎𝑥

𝑎𝑤 or 𝑓𝑎𝑑𝑖. Thus we can see that the solutions occur at the
ntersections, and how the behaviour is altered by altering the pressure
nd adipose tissue thickness. Note that while each of the three upper
urves (𝑃𝑚𝑎𝑥

𝑎𝑤 = 15.4 cm H2O reference; same with 2% adipose tissue;
𝑚𝑎𝑥
𝑎𝑤 = 14.2 cm H2O reference) there are three intersections, while for
he lower (𝑃𝑚𝑎𝑥

𝑎𝑤 = 14.2 cm H2O with 2% adipose tissue) there is only
ne solution (occurring off-figure to the left) near airway closure.4 Thus
he addition of adipose tissue of this magnitude clearly has the potential
o alter functional behaviour in an important way (as we have seen in
he previous section).

Observe that this procedure first requires finding the maximum of
ime dependent quantities numerically, before finding the curves for

suitable range of 𝜌𝑚 and locating their intersections. While such a
rocedure is workable at small scales, it is somewhat cumbersome and
ot particularly well-suited to adaptation to lung scale (e.g. Venegas
t al., 2005). In this section we discuss alternative solution procedures.

There are two potential areas of improvement: first, finding the
aximum of Eq. (9) without numerically evaluating the entire breath-

ng cycle, and second, finding solutions to Eq. (15) more directly rather
han finding intersections by tabulation.

We begin with the first problem: finding the time at which 𝑃𝑡𝑚 is
aximum. One might, in principle, differentiate with respect to time

nd find critical points, but the nature of the expressions (in particular
q. (11)) means that closed form solutions are not possible. Numerical
ptimisation is of course an option, but here we show that approximate
olutions may be useful.

First observe that Eq. (16) is of the form
∗ = argmax

𝑡
[𝑎 sin(𝜔𝑡) + 𝑓 (𝑡) sin(𝜔𝑡 − 𝛼)] (17)

4 Note that Fig. 4 shows 𝜌𝑚 rather than 𝜌𝑖 and thus closure is not at zero.
See also Figs. 2(a) and 2(b).



Journal of Theoretical Biology 588 (2024) 111835G.M. Donovan et al.

W

i
t

𝑓

w
𝑓
s
a
p
p

t
T

t

w

t
a

𝑡

l
w
H
a
i
d
m

(
𝑓
h

i
a

o
o
(
b
m
t
o
o
I
e
f
t
u
t
p
p
(
f

5

m
h
a
t
i

c
m
a
l
I
o
i
f
W
e
t

Fig. 4. Plot of both sides of Eq. (15) as function of 𝜌𝑚 for different values 𝑃 𝑚𝑎𝑥
𝑎𝑤 and

𝑓𝑎𝑑𝑖, labelled as the percentage of (outward) remodelling. The single black curve is the
left-hand side giving the smooth muscle tension, which does not depend on 𝑃 𝑚𝑎𝑥

𝑎𝑤 or 𝑓𝑎𝑑𝑖.
The grey curves give the right-hand side (airway dynamics) under various conditions
as labelled; model solutions occur at the intersections.

where several terms have for now been absorbed into 𝑎 and 𝑓 (𝑡) for
clarity. The critical points then satisfy

tan(𝜔𝑡 − 𝛼) =
𝜔[𝑎 cos(𝛼) + 𝑓 ]
𝑎𝜔 sin(𝛼) − ̇𝑓

. (18)

e are then interested in approximate solutions to this equation.
Here 𝑓 (𝑡) = 1

2 + 1.4𝑥(𝑡) + 2.1𝑥2(𝑡) where 𝑥(𝑡) = 1 − 𝜌𝑚∕
3
√

𝑣(𝑡) and 𝑣(𝑡)
s sinusoidal, and so while 𝑓 is not strictly sinusoidal, one is tempted
o make the approximation

(𝑡) ≈ 𝑐1 + 𝑐2 sin(𝜔𝑡 − 𝛼) (19)

here the constants 𝑐1 and 𝑐2 can be found easily from the extrema of
(𝑡). By making such an approximation, Eq. (18) becomes (technically)
olvable in closed form, but the resulting closed form expressions
re so lengthy and cumbersome that numerical methods are probably
referable in most situations. However, two stronger simplifications are
ossible and yield more useful approximations.

The first arises from the supposition that useful closed form solu-
ions to Eq. (18) are possible only when the right-hand side is constant.
hus assuming ̇𝑓 is small and 𝑓 is the time average, Eq. (18) becomes

an(𝜔𝑡 − 𝛼) = cot(𝛼) +
𝑓

𝑎 sin(𝛼)
(20)

and so

𝑡∗1 ≈ 1
𝜔

[

tan−1
(

cot(𝛼) +
𝑓

𝑎 sin(𝛼)

)

+ 𝛼
]

(21)

here 𝑎 = ‖𝑃𝑎𝑤‖∕2.
A second option is a crude but potentially useful expedient: observe

hat 𝑡∗ lies between extrema of sin(𝜔𝑡) and sin(𝜔𝑡 − 𝛼). Thus one might
pproximate
∗
2 ≈ (𝜋

2
+ 𝛼)∕𝜔. (22)

The efficacy of these approximations in computing full model so-
utions will be demonstrated after discussing the second difficulty
ith the solution procedure, namely finding solutions to Eq. (15).
ere there is little hope of closed form solutions, even under strong
pproximations. However, applying numerical root finding to Eq. (15)
s much more efficient than the tabulation and intersection method
escribed in Anafi and Wilson (2001). Here we use Powell’s dog leg
ethod (Powell, 1970) but the problem is not overly challenging and
5

Fig. 5. Comparison of model solutions without approximation (black); using 𝑡∗1
Eq. (21)) (blue, dashed); and 𝑡∗2 (Eq. (22)) (red, dot-dash). Typical values suggest
̄ ≈ 1.7 for this parameter set. As in Fig. 2a the vertical axis is dimensionless and the
orizontal in cm H2O.

t is likely that any reasonable choice of root-finding method would be
cceptable.

Combining this with the approximations found above, a comparison
f model solutions is shown in Fig. 5 with model solutions with-
ut approximation (black), using 𝑡∗1 (Eq. (21)) (blue, dashed) and 𝑡∗2
Eq. (22)) (red, dot-dash). While clearly some approximation error has
een made, in many situations this may be an acceptable trade-off for
uch reduced computational complexity. Here 𝑡∗1 (Eq. (21)) appears

o be the preferred approximation based on error alone (depending
n the error measure), but recall that this also relies on an estimate
f 𝑓 and so may or may not be preferred, depending on the context.
t is of course worth bearing in mind that even small approximation
rrors can potentially have outsized effects where the sensitivity is high,
or example near the boundaries of the region of bistability, but in
his particular application these errors are likely to be dwarfed by the
ncertainty in the parameters, and indeed by other modelling assump-
ions. Still, these improved (and approximate) solution procedures have
otential utility, in particular for coupled airway models. One further
otential option would be to impose (artificial) relaxation dynamics
i.e. Donovan, 2016) on the equilibrium solutions, though this is not
urther explored here.

. Discussion & conclusions

The association between obesity and increased asthma severity is
ost often attributed to effects of reduced lung volume. Recently,
owever, it has been shown that adipose tissue is also present in the
irway wall itself, and that the proportion is related to BMI. This raises
he possibility that functional changes at the airway level may also be
mportant, in addition to the lung volume effects.

To date, the presence of adipose tissue has been demonstrated
onclusively only in relatively large (> 6 mm) airways and has not been
easured in smaller airways in humans (Elliot et al., 2019). However,

dipose tissue is present throughout the airway tree – that is, both
arge and small airways – in animal models (Wang et al., 2023a,b).
n this study we have hypothesised about the degree of adipose tissue,
r other obesity-associated airway remodelling, in the smallest airways
n humans, and the ways in which any such tissue might alter lung
unction. We have done this by modifying the model of Anafi and

ilson (2001) to include both inward and outward adipose tissue, and
xplored the ways in which this alters the bistability at the level of the
erminal airways (which is thought to give rise to ventilation defects).
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We have further estimated the resulting effect on overall resistance
changes.

Adipose tissue in large airways can be of the order 1%–2% of the
airway cross-sectional area (or more), and if this is also true in any
substantial portion of the smallest airways there could be important
functional changes. The region of bistability increases in width, and
shifts rightward (with respect to airway pressure) in the presence of
either inward or outward adipose tissue, and this leads to an increase
in resistance and would also manifest as increased ventilation het-
erogeneity at the whole-lung level. It is also important to note that
these changes are initially (see Fig. 2) only with respect to the airway
wall adipose tissue, and no explicit effects from lung volume changes;
these changes are also likely to be present, and significant, and may
interact with airway level changes to amplify the effects (Macklem,
1996). While Macklem first envisaged this decrease in parenchymal
tethering as a result of oedema, the same net effect can be achieved
by adipose tissue. This is also compatible with the finding that obese
asthma involves significant lung de-recruitment (Bates et al., 2023).

We have further demonstrated the potential for volume effects to
work in concert with airway wall changes to magnify the functional
impact (see Fig. 3). In short, adipose tissue within the airway wall of the
distal airways may be an important contributor in understanding the
relationship between obesity and asthma severity. In this manuscript
we consider only the functional effect of adipose tissue in the distal
airways, though it remains possible that incorporating the entire airway
tree (e.g. Venegas et al., 2005) in a similar way would elucidate a
similar effect in the more proximal airways.

We have considered both ‘‘inward’’ and ‘‘outward’’ adipose tissue,
relative to the reference point of the smooth muscle radius. Adipose
tissue in human airways has only, so far, been found in the outer
wall (Elliot et al., 2019), and so the latter would seem to be more rele-
vant than the former. There are several reasons that we have included
both possible effects here. The first is that, even if adipose tissue is in
fact confined to the outer wall, it remains unclear if the smooth muscle
radius is indeed the relevant reference, in which case the functional
effect of tissue displacement may be inward impingement upon the lu-
men. Second, the airway wall alterations in obesity may not be confined
to adipose tissue alone, but to other types of obesity-associated airway
remodelling (Scott et al., 2011). Thus accommodating both inward and
outward remodelling in the model allows for both situations. Future
measurements of adipose tissue within the more distal airways will then
enable us to readily estimate the resulting functional effects.

As with the original (Anafi and Wilson, 2001) model, we assume
PEEP as the condition of our model. This becomes most relevant when
estimating the interaction with lung volume effects. The strongest
volume effect in obesity is a decrease in expiratory reserve volume
(ERV), without a change in tidal volume itself, thus shifting the tidal
range lower (Jones and Nzekwu, 2006). In a PEEP context, the closest
analogue is decreasing PEEP, which also shifts the tidal range lower.
Thus in Fig. 3 we have used PEEP as a proxy for obesity-related volume
changes.

Whole-lung effects have been estimated using the simple partition-
ing procedure of Anafi and Wilson (2001) which incorporates only
the terminal units of the lung. Understanding how the patterns of
the ventilation distribution change, or how adipose tissue in the more
proximal airways contributes to whole-lung function, would require
a model not just of the terminal units (as here) but coupling those
terminal units into the airway tree (e.g. Venegas et al., 2005; Donovan,
2017). To that end we have proposed alternative solution procedures
for the terminal unit model which may help to reduce the significant
computational costs of the whole-lung models of bronchoconstriction.

As with any model, there are assumptions and limitations which
bear further discussion. For example, although we describe the degree
of additional PEEP required to overcome certain remodelling scenarios,
it is important to remember that this is a model of the terminal airway
6

unit, and not of PEEP applied to the airway tree as a whole. Similarly,
wherever resistance is calculated, one must recall that we have not
included proximal airways (Lutchen and Gillis, 1997; Thorpe and Bates,
1997), or chest wall mechanics (Bates, 2009), nor other obesity-induced
changes in tissue resistance or reactive mechanics (Bates, 2016). For in-
stance, the assumption of constant elastance (Eq. (5)) may also change
in severe obesity (Lorx et al., 2017), but proper consideration of such
a phenomenon would require a coupled-airway model. We have also
considered changes in terms of airways resistance only, but it is well
known that important changes occur in the (out-of-phase) reactance
as well Peters et al. (2018). Finally, the use of the law of Laplace
assumes a thin-walled cylinder, whereas the airway wall is in fact not
particularly thin; however, it has previously been shown that the thin-
walled assumption offers a reasonable approximation of the average
hoop stress across a thick wall in this context (Brook et al., 2010; Hiorns
et al., 2016).

In summary, we have considered the potential functional conse-
quences of adipose tissue within the distal airway wall, and shown
that if adipose tissue is present in the distal airways in quantities
comparable to those found in the proximal airways, these will drive
significant functional changes., namely increased resistance, airway
narrowing and airway closure. Moreover these may interact with the
volume effects of obesity to amplify the functional changes. The func-
tional effects of adipose tissue in the more proximal airways remain to
be studied in a coupled airway context.
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